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FIGURES
INTRODUCTION
The Composite Bridge Demonstration Project is evaluating the performance of a composite bridge V structure to determine its safety and suitability for standard highway construction. While composite structures are in use as pedestrian bridges and column reinforcements on vehicular bridges, large-scale use of structural composites has been limited. This project, fhded by the U.S. Department of Transportation, Federal Highway Administration (FHWA), is a major step towards enabling routine use of composite bridges for rehabilitation projects, new construction, and temporary structures during highway construction. The testing and evaluation of the composite bridge structure will provide the information necessary to characterize its performance with respect to design predictions and loads.
The maintenance needs of the nation's transportation infrastructure, especially bridges, is of growing concern. A cost-effkctive, lightweight, easily transported composite structure that catl be rapidly erected and placed in service as a temporary bridge would dramatically improve efficiency and safety during highway construction. And a universal composite structure for general bridge applications would be a valuable tools for state transportation departments. However, composite structures are not widely used because of perceived high costs and a lack of engineering experience with the technology. To address these issues, a partnership was f o m d to install and test a composite bridge at the Idaho National Engineering The objectives of the Composite Bridge Demonstration Project are to characterize performance of the bridge structure with respect to design predictions and loads and to evaluate its performance with respect to safety and suitability for standard construction. To this end, the bridge design and materials will meet American Association of State Highway and Transportation Officials (AASHTO) guidelines. In addition, the project will assess transportation of the bridge structure fiom Palo Alto, CaMornia to Idaho Falls, Idaho, and its erection at MEEL, evaluate the bridge's performance under static and dynamic loading, and evaluate the composite structure's resistance to weather extremes and environmental effects as well as aging. The results of this project can be used to develop acceptance testing procedures for composite bridges, based upon load resistance factor design (LRFD), that will meet AASHTO specifications.
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The schedule for this project is shown in Table 1 
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Test Figure 1 shows the bridge assembled on the static test fixture. It has three deck plates and three longitudinal beams and can be transported on one truck (Figure 2 ). Either precast concrete parapets ( "Jersey barriers,') or metal guard railing meeting the current Idaho Transportation Department standards will be placed along the edges of the structure to protect traffic during testing at INEEL. 
Design Requirements
The bridge was designed to AASHTO specifications for a 60- A conservative safety factor of 4.0 was used for the design of the composite bridge. Table 2 provides expected margins of safety based on analyses and tests described later (page 15). 
Deck
The road deck consists of three plates, described in 
Support Beams
The support beams are designed to simplify €iibrication and handling, yet transfer loads efficiently from the deck to the abutments. The tapered side walls and curved bottom of the U-shaped beams provided dimensional stability during forming and improve load transfer from the top deck, across the shear walls, to the end frames, and into the abutments. Flanges are provide for bolting the top deck panels to the beam.
Specifications for the support beams are given in Table 4 . 
Abutments
The bridge will be placed on concrete abutments prepared with molded contours conforming to the curvature of the beams as shown in Figure 3 . The abutments meet AASHTO and ITD standards. The footings are embedded to a sufficient depth to provide adequate bearing and frost heave protection during the testing of the structure. The main beams, which are seated with 1 in. thick elastomeric bearing pads, have full bearing on the abutments. 
Wear Surface
Protecting the deck from moisture and contaminants was a major consideration in selecting the wear surface. Based upon the p r e h b a r y research, a variety of wear surfkes could be used to protect the deck.
However, trials at LMMS indicated that a standard asphalt overlay can be applied without damagmg the sufice of the polymer composite deck and it is anticipated that a standard asphalt wear surface will be used. The wear surface will be at least 1.25 in. thick. The asphalt will be applied according to INEEL and ITD specifications. Height differences between the road surface and the bridge surface will be minimized using the asphalt wear surface; the transition to and from the bridge will meet the design specification prepared by the INEEL.
FABRICATION AND ERECTION
Component Fabrication
The bridge components were manufhctured by commercial fiberglass fltbricators from commercially stocked raw materials. Tag pieces were tested to veri@ the laminate properties and fabrication quality of each part.
To fabricate the deck's sandwich panels, thick face sheets were laminated onto wbonded pultruded tubes (standard catalog items purchased from Momson Molded Fiberglass, Bristol, VA). The fsce sheets were hand laid using 50 in. roles of 56 oz. knitted, four-ply, quasi-isotropic fiberglass Mric. (Part of the reason for using a quasi-isotropic layup was concern for warping from non-uniform s -e during fhbrication, which did not occur.) The laminate was cured to avoid exothermic buildup. Next, the pultruded tubes were coated w i t h the same polyester/vinylester resin and bonded to the lower fsce sheets Each beam was hand laid using heavy-weight knitted fiberglass fabric, as shown in Figure 6 . Layers of four-ply quasi-isotropic fbbric and a polyester resin matrix were used to fbbricate a wall approximately 0.75 in. thick. Unidirectional reinforcements (additional 0.9 in.) were added to the bottom of the beams (interspersed between quasi-isotropic fabric layers) to further increase their bending'stiffuess. The weight of a finished beam was under 3500 lb.
Bridge assembly
The PMC demonstration bridge was first assembled at Lockheed Martin's Palo Alto Research kility shortly after the major components were delivered to the test site. The major structural members weighed less than 3500 pounds each, so handling and most of the assembly was performed with a threeman crew and a forklift, as shown in Figure 7 . The original plans for assembly called for both bonding and bolting the bridge deck panels to the bottom support beams. Because the site was only a temporary location, the bridge was assembled as an all-bolted structure to permit disassembly afterwards.
The beams were individually lifted into place over the test fixture (Figure 7) . Because the individual beams were susceptible to twisting due to the natural flexibility of their open cross-section, internal transverse struts were bolted onto the beams prior to assembly to provide the necessary handling stability and to maintain wall straightness during installation.
The deck plates were hoisted into position by a lightduty crane (Figure 8 ). Once the three decks were installed, they were secured by a shear key connection (Figure 9) . A solid metal-wood insert served as the temporary key. For assembly at the INEEL, this key will be a polymer insert. Half-inch diameter steel bolts spaced 2 ft apart were used to fasten the deck panels to the lower support beams. Near the shear joints and at the beam ends the spacing was reduced to 1 ft. Finally, welded internal steel frames were bolted inside the ends of the beams to provide end rigidity for load transfer (Figure 10 ). 
INEEL Test Site Location
For dynamic and field testing, the composite bridge will be installed at the INEEL Transportation
Complex located approximately 45 miles west of Idaho Falls. The Transportation Complex is in a restricted access area where only government vehicles are allowed. A section of parlung area will be removed and the bridge placed across the hole. INEEL buses will be able to travel across the composite bridge structure in both directions.
It should be noted that after completion of testing the parking area wiIl need to be restored. INEEL is requesting all participants in this and future bridge testing projects to include restoration in their costs. In static testing, the bridge was found to meet the primary lengW800 maximum deflection requirements. After installation at INEEL, the bridge will be instrumented to monitor strains, deflections, acoustic signatures, ambient temperature, and deck and girder temperature, movement, and Iength under actual highway loads (static and dynamic) in field service conditions for one year to further venfy its Evaluation and analysis will include data collected at the INEEL installation location, INEEL structural performance.
TESTING AND EVALUATION
research labs, CTL, and from the literature. One aspect of the analysis will be identirjlng appropriate testing procedures for composite bridges and recommendmg these to AASHTO.
Structural Analysis and Prior Static Tests
Finite element analyses were conducted to evaluate the performance of a 60 A. span composite bridge. However, the demonstration bridge is one-lane wide and 30 ft. long, representkg one quarter of a two-lane wide, 60 A. long trafFic bridge. For this 30 A. length, the fiont end of a HS20-44 truck would just be exiting from the bridge as the rear is entering. Consequently, a more severe load case was simulated, with a full truck load applied as close to the center of the bridge as possible. In the field test this Static loadmg was simulated with water tanks placed on the bridge and filled to generate loads excseding 80,000 lb.
The deformed shape of the bridge is shown in Figure 1 1. The maximum deflection under this load is 0.95 in., which exceeds the design goal of 0.45 in. However, this loading is much more severe than an actual truck load and, when adjusted to reflect realistic truck loading, the deflection should satis@ the U800 requirement for the same design bridge with a 60 ft. span.
Shear loads are transmitted from the deck plates to the beam flanges. Two coupling methods were considered, bolting only and bonding as well as bolting. For bolting only, the maximum expected bolt shear load is about 4000 lb., while the capacity exceeds 8000 lb. (Capacity was determined experimentally by bolt bearing tests in both torqued and untorqued contigurations. A typical experimental load deformation curve is shown in Figure 12 for the untorqued condition. The deformation and fracture behavior appear ductile, leading to load redistribution to surrounding bolts rather than catastrophic failure.)
For bonding as well as bolting, the shear stress in the bond is about 150 psi, while the strength exceeds 1500 psi. as determined from lap shear tests.
.
The material properties used in the analyses are summaflzed * in Table 5 . These properties were obtained from manufhcturers' data in combination with experimental coupon data and laminate anaIysis programs. Material properties were substantiated by mechanical tests performed on large bridge component specimens, such as the beam bending experiment (the load deflection response for this experiment is given in Figure 13) . Results from the component tests were used to validate the analytical models and calculate the margins of safety presented in Table 2 . 
Composite Bridge Testing at INEEL
INEEL vehicles will be used to repeatedly load the composite bridge structure during the 12-month testing phase. During this 12 months the INEEL is expecting to maintain a constant pattern of t d E c over the composite structure under a variety of weather conditions. This test phase is expected to include 3 1,000 repetitions of a 22,000 Ib. axle load." Additionally, the bridge will be subjected to static load testing on a quarterly basis to compare stresses and deflections calculated in design w i t h in situ structural behavior. The load tests will also serve as a periodic measure of potential changes in the structure's m e s s due to environmentally or live-load induced degradation. At the end of the test interval, an additional load test to failure may be performed. Although this test would provide usefil design performance information, fhding for this effort has not been identified. The INEEL will try to identi@ additional project participants during the testing period to perform additional testing. Any additional testing identified during this project will be coordinated with the bridge owner, Martin M a r i e t t a Materials.
-
The bridge's response will be monitored with remotely-positioned electronic instrumentation, periodic load test events, and frequent, detailed, visual inspections. The purpose of the visual inspections will be to evaluate the presence and extent of aging deterioration phenomena, such as abrasion of deck wearing surface, impact/snow plow damage, connection integrity, environmentally-induced deterioration, and other phenomena not practically measured by sensors.
a. It should be noted that the fatigue limit for composite materials is defrned as the strain below which the matrix cracks remain non-propagating at lo6 cycles. Thus, any testing for fatigue should consist of at least that many cycles (Talreja, 1987) .
However, for unidirectional composites, this limit will be lower €or strains out of direction of the composite f i b . The failure mechanism of laminated composite material is typically as follows. The 90" layer fails in transverse fiber debonding. This is followed by the delamination of the 45" layer. The 0" layer becomes overstressed leading to the failure of the composite (Talreja, 1987) . Composite materials are especially sensitive to the rate or frequency of loading due to material heating and high damping effects. At frequencies over a few hertz, this becomes a problem. Composite materials are insulators so they do not dissipate the heat absorbed during cyclical loading.
INEEL Vehicle tnfomation
Access to the composite bridge is limited to INEEL buses and other government vehicles owned and operated by the INEEL. The majority of the bridge traflic will be buses, but H-and HS-type loading vehicles will be used for specific testing purposes. The specifications for these vehicles are given in Table 6 . Vehicles will maintain a constant speed of 15 miles per hour across the bridge. 
Data Collection
The INEEL will collect data from the bridge using a variety of sensors mounted to the composite structure. As a minimurn, data will be collected after 25 vehicle crossings. Measurement frequency may change based upon weather conditions or traffic volumes. An instrument cabinet at the bridge installation site will be used to terminate sensor cables from the bridge. Communications from the instrument cabinet to a local area computer will be required for data storage and processing. The parameters to be measured are listed in Table 7 . 
Strain Measurements
c Strain measurements will be made on the composite structure at the sensor locations indicated in Figure 14 . The mathematical model developed by Lockheed Martin Missile and Space for the composite structure will be used to determine the material's modeled behavior relative to the measured parameters. The data collected during the test period will be used to refine the mathematical analysis for this structure.
Web Shear Strain. Measurement of the shear strain on each beam web requires four strain gauge rosettes. One rosette will be mounted on the inner surface of the center beam near the neutral axis of the section at the centerline, and three more along one of the bridge quarter points (see Figure 14) .
Beam Cap Strain. Measurement of the direct strain in the beam cap requires four strain gauges, one on the inner sufice of each of the three beam caps at the centerline, and one at the quarter point of the bridge along the center beam.
Deck Strain. Measurement of the direct strains in the deck plate will require eight strain gauges. Pairs of strain gauges will be used to measure the longitudinal and transverse strains at the four points where the beam cap strain is measured.
Bolt Strain. Due to the overdesign of the composite bridge, a change in bolt strain may indicate a change in bridge health. As part of an INEEL long-term research initiative, a bolt on the center beam flange at either the forward or aft end will be instrumented to measure axial and bending strains in the shank of the bolt. This will provide information on the clamping and bending forces to which the bolt is subjected. Correlation of the bolt data with other strain values should provide insight into the merit of using instrumented bolts for dynamic in-service monitoring as well as periodic inspection to determine bridge health. Figure 14 . Strain Transducer Locations. Locations identified "1" are to measure web shear strain, "2" beam cap strain, and "3" deck strain.
Defl ection Measurement
Deflection measurements are to made on the composite structure at the locationS indicated in Figure 15 . Support Deflection. Measurement of the vertical deflection of the bridge relative to the abutment supports requires eight position sensors with a maximum range of *l in. Four sensors will be placed on each end of the bridge, positioned outside and between the three support beams, and grounded to the abutments.
Cenferline Deflecffon. Measurement of the deflection of the bridge centerline requires seven position sensors with a maximum range of *2 in. Three sensors will measure the deflection of the beam caps relative to the ground, and four sensors will measure the beam flange deflection relative to the ground. . Deflection Transducer Locations. Locations identified "1" are to measure support deflection, "2" centerlie deflection, "3" longitudinal deflection, "4" deckheam deflection, "5" decWflange deflection, and "6" decWdeck deflection. 
Enviionmental Monitoring and Thermal Measurements
The material properties and performance of the composite structure will be correlated to temperature during the testing phase. The INEEL, in Southeastern Idaho, is subject to temperature extremes of over 50°F during the winter. The National Oceanic and Atmospheric Administration (NOAA) has over 31 atmospheric measuring stations in and around the INEEL. One of these monitoring stations is laded near the bridge site. This monitoring station will used to monitor air temperature, solar radiation, wind speed and direztion, relative humidity, and W l . Data collected from this weather station w i l l be used to determine the frezdthaw cycles during the testing phase.
Continuous or intermittent measurements of material temperatures will be made at key points on the bridge; areas currently identified include the deck, web, and abutment. These data will be coupled with deflection measurements to determine temperature dependent deflections over time. (The n o d coefficient of thermal expansion for the composite bridge is 6 . 0~1 0~ in/in/'F, which is comparable to that of concrete.) Monitoring before, during, and after critical static and dynamic loading will allow changes due to the& and mechanical loading to be distinguished. Themmupies will be placed adjacent to strain and displacement gauges if possible; at least one thermocouple will be placed in each of the following locations:
1.
On top of the wear surfice and free from shadows, preferably at the center of the bridge near one edge
2.
Embedded under the wearing sufice directly below Location 1 and in contact with the top of the deck
3.
On the underside of the deck between the support beams (probably mounted to the flange of the center beam at mid-span.
An ambient temperature gauge will be used to monitor air temperature.
Other Tests
Research on composite materials has been identified as a critical need amongst the transportation community. Some of the measurement requirements that have been identified by this community are durability, creep, ultraviolet deterioration, alkaline reactions, bonding, environmental impact, and galvanic reaction between composite materials and connection hardware, i.e., fistenen, metal fi-ames, etc. As part of this project, ultraviolet coatings will be tested and accelerated aging tests will be performed.
Ultraviolet Coatings
The main environmental concern when using composite materials is ultraviolet dean. The exposed face of untreated composite materials may experience significant loss of resin, exposing the fibers.
While the modulus of elasticity does not change with exposure, strength can be affected. This is more significant on the tension face of the material as it may result in loss of tensile strength. However, a surface coating can prevent fiber exposure and ultraviolet inhibitors can be added to the composite to help prevent -on (Trabocco, et al., 1975) .
i While composite materials are more corrosion resistant than steel, they still display some loss of strength when exposed to moisture. This e f f i may not be permanent. Salt spray in combination with ultraviolet exposure has been shown to increase degradation of the material and decrease impact resistance (ASCE, 1984) . The effect of corrosive chemicals is temperature dependent, with elevated temperatures increasing the corrosion activity.
To address some of these concerns, INEEL will, as part of its internally h d e d research and development effort, evaluate the environmental factors related to ultraviolet coatings. The INEEL will prepare, test, and evaluate coupons of polyester resin PMC beam material with various coatings. The INEEL will work directly with the bridge and coating manufacturers in selecting coatings for this evaluation. It is anticipated that the following coatings will be used.
Coated with ultraviolet protective coating used on bridge, with the bridge pigment color Coated with ultraviolet protective coating used on bridge, with color different than bridge (to be chosen) A more rugged ultraviolet coating (color pigment to be determined). Specifications for this more rugged coating will be based upon manufhcturer's environmental protection properties.
A third ultraviolet coating (color pigment to be determined).
An additional category will be "uncoated with one year of California sun exposure". At least two coating thicknesses will be used, the nominal coating application thickness and half of that thickness. Samples of each thickness will be exposed to dirt and sand erosion (mild sandblast).
Samples will be exposed to a combination of W , moisture, and water erosion while in an environmental test chamber. The time-of-wetness, UV exposure cycle, and duration of water spray for water erosion will be selected in collaboration with the environmental chamber manufacturer. Samples will be evaluated on a set interval to determine change in gloss and color using ASTM-accepted techniques. The samples will also be evaluated using visual inspection techniques. A duplicate set of samples will be placed in an outdoor exposure rack at the bridge installation location and evaluated using the same monitoring techniques. These samples will be ranked following a year of outdoor exposure. Coating performance in the outdoor exposure will be compared to performance in the environmental chamber.
Based on environmental chamber and initial outdoor exposure results, additional samples may be added to test sample suite. Factors that may need to be considered include additional UV coatings, other candidate pigments in the UV coating, and additional chemical assessments such as acid rain solutions. ? * Another set of samples will be used to test the effects of salt spray. Some samples will be exposed only to a salt spray environment while others will be exposed to salt spray followed by W exposure to determine the interaction of these environmental factors. The W environmental chamber is not equipped to provide salt spray; therefore, the samples will be exposed to alternating cycles of salt spray in one chamber followed by UV exposure in another chamber. The chambers' manufacturer will be consulted regardmg the optimum intervals for the salt spray-W sequence.
The results of the W testing series will be included in the final report. Although a direct correlation cannot be made between the outdoor and environmental chamber exposure results, it is anticipated that the rankings will provide a basis for selection of appropriate W Coatings and pigment colors in future composite bridge f8briation.
Accelerated Aging Test
Accelerated aging tests will be conducted at Construction Technology Laboratories, Inc. to evaluate the durability of the bridge deck compared to traditional construction materials. The test procedure, which will meet the requirements of ASTM T e s t Method C 666, will expose a specimen to b e e n six and eight daily alternating cycles of temperature between 0 and 40°F in a saturated condition with a target of attaining 300 cycles. Testing will be coordinated between project participants and may vary depending upon the availability of small test sections from Lockheed Martin Missile and Space. 
DATA EVALUATION AND REPORTING
Evaluation and analysis will include data collected at the INEEL installation location, CTL test results, and historic information. These results will provide a basis for further composite development and evaluation. Data collected during this project will be stored by the INEEL and distributed at the discretion of the project sponsors; a copy will be provided to FHWA with the final report.
*
The INEEL will provide additional material property information from research and development sponsored by Lockheed M a r t i n Idaho on environmental factors associated with the bridge material and ultraviolet coatings (the scope of this project does not include this material properly testing). The quantitative and qualitative results of the environmental testing, and the identification of the mechanisms responsible for coating and material degradation, will be the basis for recornmendations on appropriate criteria for selection of a protective coating.
The final report will describe the construction, transportation, installation, testing, and material properties of the composite bridge and the performance of the composite structure relative to design spifications. Conclusions on the performance of the composite bridge will be provided by the project participants. Recommendations will be made for the development of testing and monitoring requirements for composite structures.
